2 silicon may provide the ideal platform for building proximal memories, transistors and beyond.
Next-generation silicon memory can provide a natural solution for silicon technology to meet the increasing demand for data storage. Currently, a large amount of non-volatile memory utilizes flash memory made of SiO2 floating gates, which are relatively slow and power consuming. Much attention has therefore been directed to resistive random access memory-RRAM-built out of memristors [1] [2] (meaning memory plus resistor) that feature a much faster switching speed (in ns), smaller write/erase voltage (1 V) and higher density (sub-10-nm size) [3] [4] [5] [6] .
Memristors constructed from myriad thin-film oxides and insulators are usually initiated by a process called forming, which creates a conducting filament in the virgin film by voltageinduced dielectric breakdown [7] [8] [9] . The filament resistance is later alternated between a low resistance state (LRS) and a high resistance state (HRS) by applying a switching voltage, which triggers a sequence of events including ion migration, redox reactions and Joule heating [7] [8] [9] .
Unfortunately, the stochastic nature of ionic breakdown always leaves an imprint on the device, and because of this it is generally agreed that even the best memristor suffers from intrinsic switching/performance variability and low yield 6, 10 . Moreover, the additional chemical complexity of any non-silicon memristor would complicate the task of integrating it into silicon technology, e.g., forming a 3-dimentional (3D) array of high-density on-chip memory next to the processor. Yet Si-based filamentary memristors made of SiO2, Si3N4 and their suboxides/nitrides cannot provide a viable solution because they all have much inferior performance in switching voltage (higher, ~5 V), speed (slower, ~100 ns) and endurance (poorer, ~10 4 cycles) [11] [12] [13] [14] [15] ; in fact, some of them only operate in reducing atmospheres 15 . 4 sputtering. The second is a set of cells 50 -250 m in radius ( ) direction relative to the field (Fig. 1d) ; indeed, the MR remains unchanged when the sample is rotated to all other directions (see inset). The mechanism and a quantitative analysis of isotropic MR are described in Methods along with other aspects of the resistance dependence on temperature and memory states. Nevertheless, regardless of mechanism there is no doubt that the LRS conductivity is uniform and three-dimensional. For a memristor cell with a very large lateral length (2−250 m) but a very thin thickness (~5 nm), this requires 3D uniformity to be maintained along the latter, shorter dimension. Therefore, the conductivity must be uniform and 3D at the nanometer length scale.
Unlike filamentary memristors, Si-memristors switch purely electronically. This is most evident from the pressure-triggered HRS→LRS transition, which is an insulator→metal transition.
In this experiment, further described in Methods, the samples were disconnected from any external electrical source, and a uniform hydraulic pressure PH (Fig. 1e, inset ) as low as a few
MPa was used to trigger the transition (Fig. 1e , more data in Supplementary Figure 1 .) The transition is clearly statistical because its yield, as represented by the pressure-induced resistance drop, increases with pressure and cell size. Mechanically triggered HRS→LRS transition was also achieved under a negative pressure PB generated by a magnetic impulse delivered by the Figure 3) .
Therefore, pressured caused no damage to the cells, yet it triggered a transition that must be purely electronic, since ion migration, redox reactions or Joule heating cannot possibly be driven by a pressure and proceed at such fast speed.
The non-filamentary, purely electronic Si-memristor has a constant bipolar switching voltage V*, which is independent of all the device/testing variables including area, thickness, composition, temperature and switching rate. Except for the opposite polarity, V* is very similar for the HRS→LRS (SET) and LRS→HRS (RESET) transitions, even though the switching curves are asymmetric in Fig. 1b . This is because the device resistance RLRS/HRS includes both the active (Si) film resistance Rs and the (passive or parasitic) load resistance Rload, which overwhelms RS in the LRS because the metallic LRS film is not at all resistive compared to the Rload of a spreading electrode, which has a very long transport distance and a very thin thickness [25] [26] [27] . (Such Rload also accounts for the seemingly area-insensitive LRS resistance in Fig. 1b. ) To find the critical V* that triggers switching in the active film, we use the equivalent circuit in the inset of RHRS >>Rload with the Si film being insulating. These critical voltages are independent of the device area (Fig. 2b) , the width of the switching-voltage pulse (Fig. 2c) and temperature ( Fig.   2d) . In Fig. 2c , the inset further shows that abrupt switching is triggered by a 10 ns voltage pulse upon reaching the critical voltage. Abrupt switching is also evident at 2K in Fig. 2d , again at the same critical voltage even though the HRS is orders of magnitude higher at 2K. Switching dynamics with such total insensitivity to time and temperature is entirely expected for a purely electronic mechanism, but not for mechanisms mediated by ion migration, redox reactions or heat generation.
In our experiments, pulse switching time was limited to 10 ns (Fig. 2c inset) by the parasitic RC delay. But the energy required for switching was already defined by the data, which is 10 ns × 1 V × 1 A = 10 fJ for a 2 × 2 m 2 cell. The uniform nature of switching and conduction as well as the constant V* suggests a scalable switching power,
This in turn gives a scalable switching energy, which is 2.5 fJ A(m 2 ) if we express A in m 2 and assume 10 ns switching time. Therefore, writing a 100 × 100 nm 2 cell in 10 ns would require an energy 0.025 fJ or a power 2. Figure 6) . Therefore, a nanometallic Si-memristor despite its purely electronic nature is unencumbered by the voltage-time dilemma: 18 It switches fast, at low
voltage, yet it reliably retains resistance memory. 21 behaving like a good metal when the transport length (i.e., thickness ) is less than 10 nm (see SiO0.02 pointed out by the blue arrow in the left of Fig. 3) . Therefore, the reason why it is not switchable unlike the film of SiO0.04 in the same figure is not the lack of nanometallicity but the need for more potent electron localization. This led us to O and N doping, which is known to increase electronegativity in amorphous Si thus lowering the valence band without affecting the conduction band 33 . It also led us to other similar schemes such as Al2O3 and black region that is insulating but can be rendered filamentary switching after forming, e.g., SiO3
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(Si:Al2O3 to be precise) as pointed to by the black arrow. Qualitatively similar demarcation of the (x, ) space was also seen when using N2 doping and/or other sputtering targets, which always include some combinations that make for a good memristor (Supplementary Figures 7-8 ). In amorphous Si, the conductance scales with the transport length r (i.e.,  in our experiment) as exp(-r/), where  may be regarded as a localization length [21] [22] . In the context of Anderson localization that envisions wave functions exponentially decay in a random insulator 34 , nanometallicity is expected from the residual conductivity when r falls below  20 . We found direct evidence of electron delocalization over the film thickness  by studying the quantum correction to resistance (QCC) in the LRS in the same low-temperature regime where we measured prominent MR (Fig. 1d) . In this regime, the infrequent inelastic scattering endows electrons a long coherent length LT, over which their energy and phase remain invariant and their 13 quantum interference gives rise to suppressed conductivity [35] [36] . Since electrons in a random network must undergo a 3D random walk with a diffusivity D and a diffusion time ℏ/kBT, LT is given by the diffusion length (ℏD/kBT) 1/2 and is temperature-dependent 35 . It follows that below a sufficiently low temperature when LT>, the QCC must saturate. This is shown in Fig. 4a in the normalized T 1/2 plot for the LRS of four Si films of different , one switched to the LRS by pressure. These data provided unequivocal evidence that not only can LRS electrons communicate between the two electrodes along the 3D conducting paths (hence  in the LRS), they also interfere quantum mechanically. In Si-memristors, this QCC persists up to 35K giving rise to the resistance minimum in Fig. 4b .
Resistance minimum signaling the onset of QCC has been previously seen in many mesoscopic metals although their sample sizes are all too big to saturate the QCC 37 . But where are the coherent electrons from in a random insulator? Since a nanometallic memristor is made of a film of amorphous insulator sandwiched between two electrodes of different work functions (), we propose that they come from gap-state electrons, specifically those that are energetically bracketed by Pt and Mo and with overlapping wave functions that extend to the full transport length . With the Fermi level set at ½(Pt + Mo), these states can receive from Mo tunneling electrons that populate the 3D conducting paths. However, within the same energy bracket there are also other isolated gap states that may receive tunneling electrons, but because they are electronically disconnected from the electrodes they must become negatively charged once tunneling electrons have arrived. With an insulating background, these charged states will impose long-range Coulomb blockade to block the device current, and if the electrons are later released, then the blockade is also lifted and the device current restored. In this way, the gap states can provide both the conducting paths and the "floating gates," so that nanometallic 14 switching is tantamount to a delocalization/localization transition ( Fig. 1a) : The LRS corresponds to  > the HRS to <.
Using the above picture, we can understand why nanometallicity and switching depend on the band gap Eg. With a large Eg, the density of gap states is low, so their overlap is difficult, which makes  too small to reach . Conversely, with a small Eg, the density of gap states is high, so few isolated gap states exist, which provide too few floating gates to regulate current.
Therefore, a wide Eg insulator like amorphous SiO2 need electron doping, e.g., by Pt, to lower Eg to render it nanometallic and switchable, and a small Eg insulator like amorphous Si and Ge is already nanometallic but requires anion doping to increase Eg to render it switchable. It is also plausible that the density of gap states in the insulator film is relatively similar in each optimally tuned memristor, so the switching requirements embodied by V* are relatively similar. This explains why V* of all the nanometallic memristors is always about 1 V. Obviously, the picture also foresees that nanometallic memristors cannot realize non-volatile memory if they use two identical electrodes, which is our experience in combining electrode materials.
As previously pointed out for nanometallic memristors [18] [19] , easily deformable soft spots ubiquitous in amorphous networks are favorable electron trapping sites because they can be locally distorted to minimize the repulsion between the extra electron and the existing electrons, which we shall call bond electrons. Strong repulsion between the bond electrons and the extra electron may be envisioned using a toy model of a molecule with a cis (or boat) configuration, which places the two sets of electrons at the two ends of the "boat. were also found in devices based on the Ge or Si0.5Ge0.5 composition, which were also made by RF sputtering, this time with a Ge target (Sb-doped, bulk resistivity ~ 5-40 Ωcm) or a Si-Ge alloy target.
Sample Characterization: To determine the film thickness, atomic force microscopy (AFM, Asylum MFP-3D) was used to measuring the step height created during deposition when one side was intentionally blocked. It was also used to measure the film roughness to check for any possible pin-holes and voids that may cause electrode contact. Such pin-holes were usually not a problem when the Si/Ge film thickness was more than 2 nm thick. X-ray photoelectron spectra (XPS) on Si films doped with O or N were collected using a RBD upgraded PHI-5000C ESCA system (Perkin Elmer) with Mg Kα radiation (hυ = 1253.6 eV). cooling/heating at a fixed magnetic field (often zero-field), and ramping magnetic field at a fixed temperature. During these measurements, synchronized voltage, current, temperature and field data were recorded while the heating/cooling rate was set at an appropriate value. Sweeping of the magnetic field was typically at 0.5 T/min in PPMS and 0.3 T/min in SCM1 and SCM2. The field/sample-orientation dependence of magnetoresistance was determined in SCM1 and SCM2
by rotating the sample at 3 degrees/min in a fixed magnetic field, or by rotating the sample to a new orientation, then sweeping the field to ± 18T. Precaution against temperature/magneticfield/orientation/voltage hysteresis was taken by repeating all the temperature/magneticfield/orientation/voltage sweeps from a reference temperature/field/voltage both in increasing value and in decreasing value; only ramping curves that exactly overlapped in the two directions were used for analysis. 38.) In data analysis, a resistance-different method was utilized to obtain the intrinsic film response to the temperature/field perturbation without being contaminated by the parasitic signal of the electrodes. Despite the fact that memristors are two-terminal devices, we have found that the above can be rigorously achieved by essentially a subtraction procedure:
Data analysis of quantum corrections and magnetoresistance of Si-memristor: (For further
subtracting between data from self-similar Si-memristor device in different resistance states.
This procedure is especially convenient in our study because, despite the different Si/Ge film thickness, resistance and composition, all our PPMS, SCM1 and SCM2 measurements used 
) is the change of the resistance difference due to the change of (T,B). The above result is exact. This method can be used to accurately determine ∆σ/σ0=-∆R/R0 down to 0.1%.
In our data analysis, for each composition we first selected a set of metallic cells that differ in either Si/Ge thickness or the resistance value. These cells will be named cell 1, 2, etc. Assuming they are self-similar, we followed the resistance difference method to calculate -∆R. (The resistance difference between two cells used for the following analysis was in the Ohmic regime.)
The self-similarity assumption is considered validated if (i) the resultant -∆R obeys the same scaling law; for example, -∆R of various (T,0) follows the same temperature scaling law, and (ii) ∆σ/σ=-∆R/R of all the pairs falls on a universal curve/line consistent with the scaling law. with decreasing temperature in a dimension-dependent manner. Second, when spin-orbit interaction is strong, the above mechanism must also consider the spin contributions of the twoelectron pair, which gives rise to a qualitatively similar correction but with an opposite sign.
Therefore, this is the weak anti-localization hence called the WAL mechanism. Third, in a disordered system, diffusing electrons especially those in three dimensions must take a much longer time before they can leave each other after each collision. In essence, two colliding electrons after each encounter are "stuck together" until they find a way to diffuse away by tortuous random walk. There is thus enhanced electron-electron interaction, of which the low energy contribution and, when there is a magnetic field, the Zeeman splitting of the initial and final states, are most important. The resistance correction due to such electron-electroninteraction (EEI) mechanism has the same temperature and dimensionality dependence as the WL mechanism. However, whereas the WL contribution is solely dependent on the diffusion length, and is thus saturated below certain temperature when LT saturates at the sample boundary, there is no saturation in the EEI contribution because the kBT-normalized Zeeman effect continues to increase with decreasing temperature despite the fact that LT has saturated. Another distinguishing feature is in magnetoresistance (MR). Whereas WL gives a negative MR because a magnetic field destroys the quantum coherence of an electron traveling back to the origin, hence removing the QCC that increases the resistance, EEI gives a positive MR because the Zeeman effect reduces the final state statistics thus reduces the conductivity. These qualitatively different behaviors allow us to determine the dominant mechanism from the trend of the data. 23 Specifically, our isotropic magnetoresistance (MR) implies that the disordered system is 3D in nature. Next, given the observations of (i) increased resistance at lower temperature and (ii)
positive MR, we can rule out WAL in our memristors. Third, a saturation of QCC was indeed observed, indicating the saturation of LT. However, their MR continues to increase at lower temperature, which can only be explained by EEI. Therefore, it is reasonable to assume EEI is the dominant contribution in our model fitting.
According to the literature 35 , the EEI QCC as a function of temperature and magnetic field in 3D is given by , which is set by electron diffusivity D, and (ii) Fermi-liquid constant ̃, which specifies the strength and sign of EEI. Note that the second term above is the MR, while the first term is the zero-field QCC. Note also that the √ dependence comes from the temperature dependence of LT, and below the saturation temperature it should be set as √ . Therefore, having both MR and the zero-field QCC allows the unique determination of the two independent material parameters, and the goodness of the fit serves to verify the validity of the mechanism. This is shown in Fig. 1d, Fig. 4a and Supplementary Figure 9 for the P-Si:0.45N memristors in the LRS (Supplementary Figure 9 is the same as Figure 9) . Therefore, these results validate not only the EEI mechanism but also the self-similarity of their conductivity, in that they all share a universal ∆σ/σo, thus they must have the same α/σo and ̃. Altogether, this analysis was applied to 45 sets of data from the P-Si:0.45N memristors series, all of them fit by the same set of two independent materials parameters above. So, all such memristors must have similar conducting networks that share the same model characteristics, and they can at most differ in network (1) 24 density. Other than the P-Si:0.45N memristors, we have also applied the same analysis to LRS memristors of different compositions with same success in establishing the validity of Eq. (1) and the universality. Supplementary Table S1 summarizes the model parameters for some memristors from this analysis, and further discussion of these results can be found elsewhere 22 .
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